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Abstract
A detailed ﬁnite element analysis of fatigue crack growth between metallisation layers of a power semiconductor device subjected
to active cycling conditions is carried out. The active cycling and the resulting transient thermal loading is the source of the
thermally-induced cyclic stresses in the microelectronic device, which may cause the fatigue failure. To model the fatigue crack
formation and propagation under the transient thermal loading conditions, a coupled thermomechanical cyclic cohesive zone model
based on an irreversible damage evolution equation is utilised. The contact formulation of the implemented cohesive zone model
allows to consider evolving tractions and heat ﬂux across the cohesive zone both in open and closed crack states. To accelerate
simulations, a cycle jump technique without the need of damage extrapolation is utilised.
c© 2014 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of
Structural Engineering.
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1. Introduction
Power semiconductor devices typically consist of materials with large mismatch of the coeﬃcient of thermal ex-
pansion (CTE). When a device is subjected to active cycling with extreme power density electric pulses, the power
metallisation in the active diﬀusion metal-oxide semiconductor (DMOS) area experiences large temperature swings,
inevitably resulting in thermally-induced cyclic stresses. Available experimental data (Nelhiebel et al., 2011), (Nel-
hiebel et al., 2013) shows that these stresses may lead to material degradation in form of cracks and voids, which
nucleate and grow in the power metallisation and/or at the materials interfaces, as shown in ﬁgure 1a. These defects
act as thermal insulators impinging the heat ﬂux and causing local overheating in the active DMOS area. When defects
reach a critical size, the heat generated in the power semiconductor may not be evcuated to the power metal bringing
the device into an unstable self-heating regime leading to a local melt down and its complete failure (Dibra et al.,
2011), (de Filippis et al., 2011), (de Filippis et al., 2013).
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Fig. 1: (a) Cracks in power metallisation formed during active cycling; (b) geometry of the 2D model representing half of a DMOS cell and location
of the cohesive zone (CZ) between the Cu and barrier layers.
The cyclic nature of loading suggests that fatigue is one of the major damage mechanisms responsible for failure
of microelectronic devices subjected to active cycling (Russo et al., 2002). Additionally, creep and oxidation-assisted
cracking are also likely damage mechanisms due to increased temperatures and exposure to air (Martineau et al.,
2010). The deformation and the damage process of the power metallisation is additionally complicated by changes at
the microstructural level, such as grain growth, grain boundary (GB) grooving, etc., (Khong et al., 2007).
Current modelling attempts to predict lifetime of a power semiconductor subjected to active cycling are mostly
based on empirical relations such as the Coﬃn-Manson type criteria (Kanert, 2012). Various variables have been
assumed to correlate with the number of cycles to (electrical) failure of a device, for example, the temperature swing
(Russo et al., 2002), the accumulated plastic strain (Smorodin et al., 2008), the energy dissipated per cycle (Pietranico
et al., 2011) and so on. Although this simplistic modelling approach may give information about general trends and
indication of potential fatigue crack formation sites in the power metallisation (Kravchenko et al., 2013), the valuable
information about the crack growth rate and the residual life remains inaccessible.
To address the problem, this work presents a simulation methodology for a detailed DMOS cell level analysis of
fatigue crack formation and growth between metallisation layers of a power semiconductor device subjected to active
cycling. The crack growth is simulated using a thermomechanical cyclic cohesive zone model (TM-CCZM) imple-
mented in contact formulation as an ANSYSUSERINTER user subroutine, (ANSYS, Inc., 2012). The implemented
TM-CCZM represents an extension of the cyclic CZM reported in (Bouvard et al., 2009) onto the case of transient
thermal loading conditions. The thermal extension is realised by augmenting mechanical relations with relations for
the heat ﬂux across the cohesive zone (CZ), along similar considerations as proposed in (Hattiangadi and Siegmund,
2005) and (Oezdemir et al., 2010). To accelerate the fatigue crack growth (FCG) simulations, the implementation
also contains a cycle jump technique based on direct iteration of the damage evolution equation, as proposed in (Ural
and Papoulia, 2004). This, together with the submodelling approach, enables to estimate the inﬂuence of geometry
and model parameters without sacriﬁcing the model details and to perform simulations in a reasonable amount of
computational time.
2. Thermomechanical cyclic cohesive zone model
2.1. Load and heat transfer
For convenience, the main features of the cyclic CZM proposed in (Bouvard et al., 2009) are outlined below. In
the model of Bouvard et al., the damage process taking place in the CZ is described by the damage variable D, which
is used to characterise reduction of the CZ stiﬀness. The normal and tangential traction components (TN , TT ) are
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Fig. 2: Schematic representation of a hysteretic traction-separation law.
assumed to be linear functions of the corresponding separation components (UN , UT ):
TN = KN(1 − D) 〈UN〉
δc
(1)
TT = αKN(1 − D)UT
δc
, α =
KT
KN
, (2)
where KN and KT are the normal and the tangential stiﬀness and δc is the critical separation. The symbol 〈·〉 denotes
the Macauley’s brackets.
The damage variable D is computed from the following damage evolution equation:
D˙ = A∗(1 − D)m
〈 ‖T‖
1 − D − T0
〉n
˙‖U‖ (3)
where T0 is the traction threshold, A∗,m, n are the CZM constants (temperature dependenent) and ‖U‖ and ‖T‖ are the
eﬀective traction and separation, respectively, deﬁned by the following relations:
‖U‖ =
√( 〈UN〉
δc
)2
+ α
(
UT
δc
)2
(4)
‖T‖ =
√
〈TN〉2 + 1
α
T 2T (5)
In equation (3) the damage accumulation D˙ > 0 occurs only on loading when ˙‖U‖ > 0.
As illustrated in ﬁgure 2, the cyclic traction-separation behaviour is intrinsically hysteretic and does not follow a
predeﬁned path, which is usually the case with CZMs for monotonic loading.
The case of crack closure and contact is modelled using the penalty based approach. For penetration (UN < 0), the
normal traction is calculated using the penalty stiﬀness Kc:
TN = Kc
UN
δc
(6)
The contact is assumed to be frictionless.
Assuming the heat transfer across the CZ occurs only in normal direction and denoting the absolute temperature of
the opposite CZ surfaces (contact and target surfaces in ANSYS terms) by θ1 and θ2, respectively, the heat ﬂux into
the contact surface, denoted by the subscript “1”, is given by:
q1 = hcz(θ1 − θ2) (7)
where hcz is the thermal conductance across the CZ. The temperature jump Δθ across the CZ and the tempearature of
the CZ θcz are deﬁned, as follows:
Δθ = θ1 − θ2, θcz = (θ1 + θ2)/2
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Following the work presented in (Hattiangadi and Siegmund, 2005), the thermal conductance across the CZ on
opening is assumed to be proportional to the undamaged fraction of the CZ, represented by (1 − D). Neglecting heat
transfer by convection and radiation, the thermal conductance in this case is:
hcz = (1 − D)hint, UN ≥ 0, (8)
where hint is the thermal conductance of the undamaged interface. Due to presence of heat sources of high intensity
in the microelectronic device, heat generation due to the damage process is neglected.
On closure, heat transfer occurs through the undamaged part of the CZ and through the CZ surfaces in contact. In
this case, the thermal conductance is given by (Oezdemir et al., 2010):
hcz = (1 − D)hint + Dhc, UN < 0 (9)
where hc is the thermal conductance across the CZ surfaces in contact.
For a case of elastic contact, the thermal contact conductance can be estimated from (Barber, 2003), (Barber, 2013):
hc =
2k1k2
E∗(k1 + k2)
∂p
∂wI
(10)
where
1
E∗
=
(1 − ν21)
E1
+
(1 − ν22)
E2
(11)
is the composite elastic compliance of the contacting bodies, Ei is the Young’s modulus, νi is the Poisson’s ratio, ki is
the thermal conductivity (i = 1, 2), p is the contact pressure and wI is the normal gap.
Generally, the local contact pressure, and thus the thermal contact conductance, strongly depend on surface rough-
ness of the contacting bodies. In this work, however, the eﬀect of surface roughness was neglected and for the penalty
based approach the incremental interface stiﬀness ∂p/∂wI reduces to
∂p
∂wI
=
∂TN
∂UN
= Kc, UN < 0.
2.2. Cycle jump technique
For a large number of cycles e.g., 104 and more, simulation of FCG on a cycle-by-cycle basis would require a large
number of computation increments which results in prohibititavely large simulation time. To circumvent this problem,
the so-called “cycle jump” technique based on damage extrapolation is widely used in engineering calculations. In
context of FCG simulations using the CZ modelling approach, linear and logarithmic extrapolation schemes have been
proposed in (de Andres et al., 1999) and (Ural and Papoulia, 2004).
An approach based on direct iteration of the damage evolution equation eliminates the need to make assumptions
about the form (linear, logarithmic or else) of damage evolution (Ural and Papoulia, 2004). The damage evolution
equation (3) is iterated the number of jump cycles ΔN, giving a damage increment ΔD at the end of the cycle jump.
Assuming steady state periodic loading conditions, the number of jump cycles in the next simulated cycle can be
estimated from
ΔNi+1 =
ΔDallow
ΔDi,max
ΔNi (12)
where ΔDallow is the allowed damage increment per load substep (or load increment), ΔDi,max is the maximum damage
increment per load substep which occurred at some integration point during the previous simulated cycle with a cycle
jump ΔNi. Evidently, smaller values of ΔDallow result in better accuracy but longer simulation times. The value
ΔDallow = 0.01 proved to be a good compromise between results accuracy and simulation time.
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3. FEM model description
To speed up computation and reduce modelling eﬀort while preserving high spatial resolution, the submodelling
approach was chosen for FCG simulation under the transient thermal loading. The model geometry, boundary condi-
tions (BCs) and the material properties used in this study are described next.
Figure 1b shows the geometry of the FEM model representing a portion of a power semiconductor device corre-
sponding to a vertical cross-section of a DMOS cell. Due to symmetry of the DMOS cell, only a half of the cell is
considered. The periodic arrangement of the DMOS cells is taken into account by the thermal and structural BCs
described below in the text. The contact elements representing the CZ are placed between the power metallisation
(Cu) and the barrier layer. No pre-crack is assumed in the interface.
To reﬂect conditions of a DMOS cell during the active cycling stress, the transient thermal BCs extracted from a
global thermal model as in (Nelhiebel et al., 2011), simulated for a severe electrical overload pulse, were applied to
the model. The applied thermal BCs were steady state periodic that is, constant from cycle to cycle and without taking
into account the model changes (e.g., progression of damage). Assuming the net heat ﬂux in vertical direction is the
dominating one and taking into account the model periodicity, the thermal BCs (the temperature degree of freedom)
were applied at the epitaxial Si area (bottom) and at the top of the metallisation layer (Cu), whereas the thermal ﬂux
on the left and right edges of the model was set equal zero.
The structural BCs applied to the model are aimed to reﬂect kinematic constraints of a DMOS cell when very short
extreme power density electrical pulses are sent through the device. Assuming only a very thin layer of the active
DMOS area gets rapidly heated while the rest of the chip/package remains at a constant ambient temperature, the
plane strain assumption and the following displacement BCs were applied to the model:
uleftx = u
right
x = ubottomy = 0
A more detailed discussion of the structural BCs can be found in (Kravchenko et al., 2013).
The model was meshed with two-dimensional isoparametric elements with quadratic shape functions. The ﬁnite
element mesh was reﬁned in the CZ region where the element size was equal about 1/20th of the barrier layer thickness.
The material properties for all layers depicted in ﬁgure 1b, except for Cu, were assumed to be linear elastic temper-
ature independent. For the Cu material, a bilinear kinematic hardening model was used. The procedure for extracting
the temperature dependent material data from the wafer curvature experiments is reported in (Lederer et al., 2010) and
the material data for Cu can be found in (Kanert et al., 2011).
The values of the cyclic CZM parameters used in this study were not calibrated in an experiment and are for
demonstration purposes only. However, the parameters were chosen to represent the Paris regime of FCG (Paris et al.,
1961), as shown in (Bouvard et al., 2009). The parameter values used in this study were, as follows: KN = 5×108 MPa,
α = 0.5, T0 = 1.0 MPa, δc = 10−5mm, Kc = 10KN . Furthermore, the temperature dependent cyclic CZM parameters
are summarised in table 1.
Table 1: Temperature dependent cyclic CZM parameters.
θ m n A∗
K 10−4 mm−1MPa−n
358 1.80 1.50 0.76
408 1.71 1.62 0.96
458 1.58 1.70 1.24
508 1.44 1.74 1.40
558 1.26 1.77 1.47
608 1.04 1.80 1.53
The thermal properties of the CZ were assumed to be temperature independent. The value of hint was calibrated in
preliminary numerical simulations using the DMOS cell model under the active cycling conditions. It was found that
for hint = 105 W/mm2K the temperature jump Δθ across the CZ was smaller than 0.1 K and thus, only little thermal
disturbance is introduced. The values used for calculation of hc (refer to equations (10) and (11)) are summarised in
table 2.
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Table 2: Thermal and elastic properties used for calculation of hc.
Material layer k E ν
W/mmK 103 MPa
Copper (contact) 0.385 110 0.35
Barrier (target) 0.05 260 0.26
4. Results and discussion
Figure 3 shows evolution of damage in the CZ plotted for three diﬀerent stages. The ﬁrst stage shown in ﬁgure 3a is
characterised by accelerated damage accumulation at several locations of the topological feature with convex curvature
and emergence of an interface crack after 170 cycles. As can be observed, the crack emerges at the transition from
the convex to the straight segment of the interface. It is interesting to note that this location was also predicted in
(Kravchenko et al., 2013) for formation of fatigue crack in Cu using the Fatemi-Socie shear strain based fatigue
indicator parameter. Further cycling (ﬁgure 3b) results in growth of delamination along the straight segment of the
interface (indicated by points A and B in the ﬁgure) and emergence of the second crack after 220 cycles. An almost
complete delamination of the Cu and barrier layers around the topological feature can be observed in ﬁgure 3c showing
the damage accumulated after 450 cycles. However, the area corresponding to the bottom of the Cu plug to Metal-1
shows a signiﬁcantly smaller amount of damage, as well as part of the interface near the symmetry plane on the left
side of the DMOS cell. It should be noted that the result presented in ﬁgure 3c was obtained for BCs without taking
into account progression of damage in the model, as was pointed out in section 3. The accuracy could be improved
by increasing the model size or by implementing interaction between the global model and the submodel.
Inﬂuence of damage in the CZ on thermal ﬂux distribution during the heating phase of an active cycle is presented
in ﬁgure 4. The detailed view shows part of the interface at the topological feature with convex curvature captured after
220 cycles. As can be noted, parallel orientation of the thermal ﬂux vector to the interface indicates no heat transfer
occuring across the completely damaged part of the interface on opening (UN ≥ 0), as was deﬁned in section 2.1. The
heat transfer across the partially damaged CZ can also be observed from the ﬁgure indicated by the thermal heat ﬂux
vectors crossing the interface.
Figure 5a shows damage evolution at locations A and B (refer to ﬁgure 3b) plotted as a function of number of
cycles. As seen from the ﬁgure, the locations A and B are completely damaged after 170 and 220 cycles, respectively,
with the location A corresponding to the ﬁrst occurrence of delamination. As soon as damage at the location A reaches
high values, the tractions and, consequently, the damage accumulation rate at the location B substantially increase.
Figures 5b and 5c show the evolution of normal and tangential tractions as a function of number of cycles, respec-
tively, plotted for the locations A and B. Note that the positive (compressive) values of the normal traction component
predominantly correspond to the heating phase, whereas the negative (tensile) values correspond to the cooling phase
of a cycle. Although the tensile normal traction at the location B is higher than at the location A, the damage accu-
mulation rate at the location A (see ﬁgure 5a), is higher due to, ﬁrstly, higher values of the tangential traction and,
secondly, due to contribution of both negative and positive tangential tractions to the damage accumulation, as evident
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Fig. 3: Evolution of damage in the CZ during active cycling
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Fig. 4: Left image indicates position of the detailed view shown on the right. The right image shows the thermal ﬂux across the partially and
completely damaged CZ during the heating phase of the 220th cycle.
from equations (3) and (4). One can also observe that as soon as the tractions at the location A start to decrease due
to increased values of the accumulated damage, the tractions at the location B start to increase followed by a rapid
decrease, caused by rapid damage accumulation.
(a) (b) (c)
Fig. 5: Evolution of (a) damage; (b) maximum/minimum normal tractions; (c) maximum/minimum tangential tractions, per simulated cycle at
locations A and B (see also ﬁgure 3b).
5. Conclusion
A thermomechanical cyclic cohesive zone model is applied to study fatigue crack formation and growth between
metallisation layers of a power semiconductor device subjected to active cycling. The degradation of thermal prop-
erties is coupled to damage produced by the mechanical ﬁelds allowing to consider evolving tractions and heat ﬂux
across the cohesive zone during cyclic loading. By implementing the CZM in contact formulation, the thermome-
chanical interaction between the crack surfaces in both open and closed states can be simulatied. Furthermore, the
cohesive zone model parameters are considered temperature dependent extending the applicability of the cyclic CZM
to cases of anisothermal fatigue.
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